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FOREWORD r"
' This document was prepared by personnel of the 
Lockheed -HuntsvilleResearch & Engineering Center for
the Engineering Analysis Division of the NASA - Johnson
?j Space Center, Houston, Texas and the Aerophysics Divi-
sion of NASA-Marshall Space Flight Center, Huntsville,
Alabama.	 The work wa performed under Contract
NAS9-13429' (Mr. Barney B. Roberts, technical monitor)
in support of the Plume Simulation Technology Test
i Program.
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Section 1
i
INTRODUCTION
z'
Scale model testing which requires simulation of the prototype plume
shape generally employs a "cold flow" test approach in obtaining the scale
model plume. Air is most commonly used since air supply systems are
,., readily available at most test facilities.	 However air does not exhibit the
desired flow properties under all test conditions which then in such cases
necessitates the use of other simulant gases. Freon 14 (CF 4) has been
found to exhibit expansion properties similar to those of the Space Shuttle
E main engines and thus is a candidate for use as a simulant gas in Space
Shuttle scale model test programs.
Ll Previous investigators (Refs. 1 and 2) have found these gases not to
behave as an ideal gas (constant ratio of specific heats, etc.) nor obey the
k
perfect gas law when expanded supersonically.	 Consequently, analytical
studies which treat the supersonic expansion of these gases should include 	 -
the effects of the non - standard equation of state as well as the variation of
specific heat ratio with pressure and temperature.
Following the work of Refs. 1 and 2 FORTRAN computer codes have
been developed to calculate the thermodynamic properties of these gases
for isentropic expansions from given plenum. conditions. Thermodynamic
properties for air are calculated with equations derived from the Beattie-
_ Bridgeman nonstandard equation of state (Ref. l). Thermodynamic properties
for Freon 14 are calculated with equations derived from the Redlich-Quang
nonstandard equation of state (Ref. 2).
It Utility of the programs for use in analytical prediction of model rocket 	 i
nozzle flow fields was enhanced by arranging card or tape output of; the data
in a format compatible with a method - of characteristics (MOC, Ref. 3) com-
puter program. The nonstandard equation of state programs thus enhance
the accuracy of the method-of-characteristics solution of supersonic flow
fields.
k^
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Section 2
DISCUSSION OF THE NONSTANDARD EQUATION
OF STATE PROGRAM FOR AIR
I The nonstandard egi.;ation of state program for air consists of seven
subroutines which perform the necessary calculations to expand air isen-'^
Ej tropically from given plenum conditions to a given pressure. 	 Plenum tem-
perature and pressure are input to establish an isentrope along which the
iiy expansion will be made. 	 Along this isentrope the program iterates for tem-
perature at points located at pressure increments of DELP. 	 At each point
thermodynamic properties are calculated with equations derived from the
Beattie-Bridgeman equation of state (Ref. 1). The thermodynamic data is
^	 +r g	
_ ,	
parranged into a format compatible with the method-of-characteristics (MOC) µ	 .
computer code (Ref. 3) and may be output on cards or a FORTRAN tape unit.
.I
--
The input instructions and description of the input FORTRAN symbolsP	 P	 P	 Y	 s `s
F.`	 ri are covered in the program input section. 	 Interpretation of the output is
`
f	 l
discussed in the program output section.-
2.1
	
PROGRAM I NPUT a
4 This subsection contains a detailed description of the program input:
if
as follows:
i • -Detailed input guide
o Detailed description of the input FORTRAN symbols.
4
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2.1.1	 Detailed Guide for Input Data
Card No. 1
Format .1615 (right adjuste',i)
Column Parameter Identification
1-5 IWRITE 'No0	 intermediate printout
I Intermediate printout
6-10 ITAB Number of entropy cuts
11-15 IUNIT 0 No output for MOC program
7 Punched output for MOC program
N FORTRAN unit for tape output
for MOC program
Card No.2
Format 5D10.6
1-10 PREF Reference pressure corresponding to
reference entropy and enthalpy, psia
11-20 TREF Reference temperature corresponding
to reference entropy and enthalpy, 0 r
21-30 SREF Reference entropy, Btu/lbm-OR,
31-40 HREF Reference enthalpy, Btu/Ibm
41-50 EMMAX Maximum Mach number to be considered
Card No.. 3
Format 5D 10. 6, 4A6. I 11
1-10 PTU Plenum pressure, psia
11-20 TTl 0Plenum temperature,
	 F
21-30 DELP Pressure increment at which - calcula-
tions are made, psia
3
77-7-7, 7, - 7
N,"04W
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Card No. 3 (	 ont'd)
Column Parameter	 Identification
31-40 PMINN	 Minimum expansion pressure, psia
41-50 PS	 Plenum pressure for calculation of
second table, psia
51-74 HEADER	 Gas identification for MOC input E
75 ISTOP	 1 Discontinue calculations with
` immediate case i	 r'
0 Continue calculations with
new plenum conditions l
2.1.2	 Input FORTRAN Symbols
^
Symbol Description	 Units
Y
I
tj IWRITE This flag controls the output of intermediate	 N/A
calculations during the iterative cycle fora
^ convergent solution. 	 If IWRITE=O, there is
no intermediate printout, 	 If IWRITE=1 inter-
mediate printout will be generated.
ITAB This flag determines the number of entropy 	 N/A
cuts calculated by the program. 	 If ITAB=1
there will be one entropy out.	 If ITAB=2{ there will be two entropy cuts. 	 If the thermo- i
chemistry data is to be used in a flow field
containing shocks, ITAB should be set equal
to 2.
IUNIT The method of output of the program's thermc=	 N/A
chemistry data is controlled by this flag.	 If
IUNIT=O, there is no output generated for the
MOC program. If IUNIT=7, the output will be
punched on cards in a format appropriate for
input to the MOC.	 If IUNIT=N (N/0, 7), the
` output will be written on FORTRAN tape unit N.
PREF This variable is the pressure at which the 	 psis
reference entropy and enthalpy are evaluated.
TREF This variable is the temperature at which the	 °F
reference entropy and enthalpy are evaluated.
SREF A'reference entropy for change of ontropy 	 Btu/lbm-°R
calculations.	 It has a value defined for air
at a pressure of PREF and a temperature
of TREE.
4
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Description 	Units
HREF A reference enthalpy for change of enthalpy Btu/Ibm
cal,I-ulations.	 It has a value defined for air
at 4 pressure of PREF and a temperature
of TREF
EMMAX The maximum Mach number which will be N/A
considered in the calculations of the isen-
tropic expansion from the given plenum
conditions.
PTU The plenum pressure from which air will be psia
isentropically expanded.
TTI The plenum temperature from which air will of
be isentropically expanded.
.._,^
DELP The pressure increment for succeeding calcu- psia
lations from plenum conditions.
PMIN The minimum static pressure which will be psia
considered in the calculations of the isen.-
tropic expansion from the given plenum
conditions.
PS Plenum pressure for calculation of a second psia
table of thermodynamic data.
^.
HEADER Identifies the set of computed gas properties N/A
when thermochemistry data is punched on
cards or written on a tape for subsequent
input to the MOC program.	 The MOC pro-
gram comgares column for column, this
header and the gas identification data input
to the MOC while searching a tape file for
the proper set of thermochemistry data.
ISTOP This flag is a run control parameter. 	 If N/A
ISTOP = 1, the program discontinues cal-
culations with the immediate set of plemum
conditions.	 If ISTOP = 0, the program cal-
culates another isentropic expansion with the
next set of plenum conditions input via card
No. 3.	 ISTOP allows for calculation of isen-
tropic expansions from numerous plenum
conditions with one computer run.
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2.2 PROGRAM OUTPUT
0	 This subsection contains a description of the output scheme utilized by
u
the program and a description of the error messages printed out by the pro-
gram.
2.2.1	 Description of Program Data Output t
t'
1 ,. The data output of the nonstandard equation of state program for air is
organized into three horizontal lines for each pressure increment at which
calculations are made.	 Data output includes plenum conditions, local fluid (':
and thermodynamic properties and local Mach number and temperature
assuming air to behave as an ideal gas.
The following guide consists of numbered flags on a sample printout
sheet (page 8) which correspond to numbered comments listed below.
a
a'
M	 Mach number
2	 R	 Gas constant for air, ft -lbm/oR -lb -mole
3	 GAMA	 Ratio of specific heats for air
4	 T	 Static temperature, °R
5	 P	 Static pressure, psiaf
6	 A/A^	 One-dimensional expansion ratio
/
H	 Enthalpy, lbm
8	 v	 velocity, ft/sec
9	 PGM	 Mach number assuming perfect gas
10	 PGT	 Temperature assuming perfect gas, OR
11	 PC-	 Plenum (total) pressure, psis
I
12	 TC	 Plenum (total) temperature, 	R'°
'*c^rac^s;+c^ap.
	 .M.s-a^at:^...^r.«•^ .mar	 3--
	
^^	
-	 y	 - ^.a.._.... ,...,.,
	 ,.	 ,..	 .	 -
++
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13 ENTROPY Entropy, Btu/lbm- R
14 HC Plenum enthalpy, Btu/lbm-'R
"i^ ^. 6 15 RHO Density, lbm/ft3p
r 16 SS Local speed of sound, ft/sec
x^
w 17 RHO*U Mass flow per unit area, Ibm/sec-ft2
2.2.2	 Description of Program Error Message Output
' 1. DUE TO PROGRAM LIMITATIONS, THE PROGRAM IS
ASSUMING MINIMUM PE=
This statement occurs when the program is
unable to solve for temperature at a pressure
'. increment.	 The previous pressure is assumed
.. to be the minimum expansion pressure.
Fa ;..^ 2. NO CONVERGENCE AFTER 100 TRIES
This statement occurs when the program is
unable to converge on a solution at a given
pressure after 100 iterations. 	 The quantity
;jr! generated by iteration 100 is accepted as the'
6
solution and the run continued. 	
_
3. ITSUB WILL NOT CONVERGE
_.,. This o tatement originates in subroutine ITSUB
which provides iteration control for any function.
The statement indicates that the program is
unable to converge on a solution.
t_
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' 7 Section 3
11 DISCUSSION OF' THE NONSTANDARD EQUATION}! OF STATE PROGRAM FOR FREON
The nonstandard equation of state grogram for Freon 14 ( CF4 ) consists
Iofnine subroutines which perform the necessary calculations to expand Freon
}k isentropically from given plenum conditions to a given pressure. 	 Plenum tem-
perature and pressure are input to establish an isentrope along which the ex-
pansion will be made.	 Along this isentrope the program iterates for pressure
at points located at temperature increments of DELTT.	 At each point thermo-
dynamic properties are calculated with equations derived from the Redlich-
Quang equation of state (Ref. 2).	 The thermodynamic data is arranged into a^^
{
"	 t format compatible with the mothod-of - characteristics (MOC) computer code
(Ref. 3) and may be output on cards or a FORTRAN tape unit.
f^ The input instructions and description of the input FORTRAN symbols_ t
are covered in the program input section.
	
Interpretation of the output is
` discussed in the program output section.
9 3.1
	
PROGRAM INPUT )
This subsection contains a-detailed description of the program input
as follows;
• Detailed input guide, and
• Detailed description of the input FORTRAN symbols.
(
j ^
F
r
9
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3.1.1	 Detailed Guide for Input Datat
Card No. 1
Format 1615 (right adjusted)
Column Parameter Identification
E 1-5 ITAB Number of entropy cuts
i
6-10 IUNIT 0 No output for MOC program
7 Punched output for MOC program
.* N FORTRAN unit for tape output for MOC
program
f ^sr Card No. 2
Format 5E15.8
t 1-15 A2 Constant for nonstandard equation of state
16-30 A3 Constant for nonstandard equation of state
31-45- A4 Constant for nonstandard equation of state
46-60 A5- Constant for nonstandard equation of state-
4 E.' 61-75 A6 ` Constant for nonstandard equation of state
Card No.3
Format 5E 15.8
1-15 B2 Constant for nonstandard equation of state
` 16-30 B 3 on of stateConstant for nonstandard equation_
fl 31-45 B4 Constant for nonstandard equation of state -
46-50 B5 Constant for nonstandard equation of state
61-75 B6 Constant for nonstandard equation of state
r
_10
4
1
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r Card No.4
F
.
i
Format 5E15.8
Column Parameter Identification a_
r
1-15 2 Constant for nonstandard equation of state
16-30 `^3 Constant for nonstandard equation of state
a
31-45 C5 Constant for nonstandard equation of state
Card No. 5
Format 5E 15.8
1-15 BUT Constant in nonstandard equation of state
a t t 16-30 AK Constant in nonstandard equation of state
31-45 ALPHA Constant in nonstandard equation of state
r Card No. 6
'r
1 Format 5E 15.8 a
` 1-15- AL4 - Constant used in calculation of specific(_.1 heat at zero pressure
r, 16-30 BL4 Constant used in calculation of 'specific
heat at zero pressure
31-45 CL4 Constant used in calcination of specific
heat at zero pressure
46-60 DL4 Constant used in calculation of specific
=	 a heat at zero pressure
,ct	 1 11
Iz	 —.- -IN9
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Card No. 7
^'	
t
Format 5E15.8
J Column Parameter Identification
1-15 R Gas constant for Freon 14 (CF 4 )
.' 16-30 AJ Constant used in the nonstandard equation
of state
3
Card No. 8 P
`" C fI 1-10 TREE Reference temperature corresponding to
reference entropy and enthalpy, °F
11-20 PREF Reference pressure corresponding to
reference entropy and enthalpy, ps is
p 21 -30 VREF Reference specific volume corresponding	 ?
to reference entropy and enthalpy, ft3/lbm
31-40 SREF -Reference entropy, Btu/lbm-'Ry
41-50 HR.EF Reference enthalpy, Btu/lbm	 )
51-60 EMMAX Maximum Mach number to be considered
^_. Card No. 9
1 1-10 TO Plenum temperature, °F
11-20 PO Plenum pressure, psis'
21-30 DELTT Temperature increment at which calcula-
tions ar e made,	 F
31-40 TMIN Minimum expansion temperature, of
41-50 PS Plenum pressure for calculation of second
table, psis
51-74 HEADER - Gas identification for MOC input
4
•.	 '. 12
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3.1.2 Input FORTRAN Symbols
Symbol Description Units
C
1.
F
.
1 ITAB This flag determines the number of entropy N/A
cuts calculated by the program. 	 If ITAB=1
there will be one entropy cut. 	 If ITAB=2
there will be two entropy cuts.
	
If the thermo-
chemistry data is to be used in a flow field
s
r
containing shocks, ITAB should be set equal
4" # to 2.
- IUNIT The method of output of the program's thermo- N/A
chemistry data is controlled by this flag.	 If 3
- IUNIT=O, there is no output generated for the
Y MOM program. If IUNIT=7, the output will be
_
punched on cards in a format appropriate for t
input to the MOC,	 If IUNIT=N (N=0, 7) the out-
put will be written on FORTRAN tape unit N.
A2 Constant used in the calculation of the non- N/A
,- standard equation of state. A2 = -2.16259 for_
1 - Freon 14 (CF 4 F in Eq. (Al) of Ref. 4.
-' A3 Constant used in the calculation of the non- N/A
standa. d equation of state.	 A3 = 4,404057E-03
for Freon 14 (CF 4) in Eq. (Al) of Ref. 4. i
A4 Constant used in th'3 calculation of the non- N/A u
standard equation of state. 	 A4 = 1.92) 072E -04
for Fr ecr 14 (C F4 ) in Eq. (A1) of Ref. 4.
A5 Constant used in the calculation of the non- N/A
f standard equation of state. 	 A5 = -4.481049E-06
for Freon 14 (CF 4 ) in Eq. (Al) of Ref. 4.
Ab Constant used in the calculation of the non- N/A
standard equation of state. A6 = 5,8388E--07 for
Fr eon 14C F(	 4 ) in Eq, (Al) of Ref. 4.
B2 Constant used in the calculation of the non- N/A
standard equation of state. B2 = 2.135114E-03 4¢
n
for Freon 14 (CF 4) in Eq. (Al) of Ref. 4.
B3 of the non-Constant used in the calculation_ N/A
equationstandard	 state.
	
1$E-05  .
for Freon 14 (CF ) in Eq (Al) of Ref, 4.
B4 Constant usedin the calculation of the non- N/A
standard equation of state. 	 B4 = -3.918263E-07
for Freon 14 (CF 4 ) in Eq. (Al) of Ref. 4.
G
^r 13
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0	 Symbol	 Description	 Units
ji
^ID f
B5 Constant used in the calculation of the non- N/A
f
standard equation of state.	 B5 = 9.062318E-09
for Freon 14 (CF 4).in Eq. (Al) of Ref. 4,
B6 Constant used in' the calculation of the non- N/A
standard equation of state. 	 136 - -9.263923E• 04 s
for Freon 14 (CF4) in Eq. (Al) of Ref. 4.
Constant	 in the	 of the non-used	 calculation N/A fC2
standard equation of state.	 C2 = -18.94113.
for Freon 14 (CF4 ) in Eq. (Al) of Ref. 4.
in	 the N/AC3 Constant used	 the calculation of	 non-
standard equation of state. 	 C3 = 0.539776
for Freon 14 (CF4) in Eq. (Al) of Ref. 4.
C5 Constant used in the calculation of the non= N/A K
standard equation of state. 	 C5 = -4.836678E-05
for Freon 14 (CF 4 ) in Eq. (Al) of Ref. 4.
rj BLIT This constant is'ua'ed in the nonstandard N/A
equation of state. 	 BLIT = 0.0015 for Freon
14 (CF4).
't. AK This constant is used in the nonstandard N/A
equation of state. 	 AK = 0.00976 for Freon
3
14 (CF )
4
ALPHA This constant is used in the nonstandard N/A
s,
,equation of state. 	 ALPHA = 6.61199 for
`
Freon 14 (C F4).
AL4 Constant used in the calculation of specific N/A
heat at zero pressure. AL4 = 0.0190458084
for Freon 14 (CF 4) in Eq. (A4) of Ref. 4.
BL4 Constant used in the calculation of specific N/A
heat at zero pressure.	 BL4 = 3.00892783E-04 a
*`Y for Freon 14 (CF 4) in Eq. (A4) of Ref. 4,
CL4 Constant used in the calculation of specific N/A
heat at zero pressure, CL4 = -1.30237441E••07
I,J for Freon 14 (CF4) in Eq. (A4) of Ref. 4.
DL4 Constant used in the calculation of specific N/A
heat at zero pressure.	 DL4 = 1.96802894E-11
for Freon 14 (CF4) in Eq. (A.4) of Ref. 4,
R Gas constant used in the nonstandard ft-lbm
equation of state. 	 R = 0.1219336 for
°R-lb-mole
y
Freon 14 (CF4).
,14
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Symbol	 Description	 Units
r
AJ	 This variable is used in calculations of the 	 N/A
nonstandard equation of state. AJ = 0.185053
for Freon 14 (CF 4 ) in Eq. (Al) of Ref. 4.
TREF	 This variable is'the temperature at which the	 °F
reference entropy and -enthalpy are evaluated.
PREF	 This variable is the pressure at which the 	 psia
reference entropy and enthalpy are evaluated.
VREF	 This variable is the specific volume at which 	 ft3/lbm
the reference entropy and enthalpy are
evaluated.
SREF	 This variable is a reference entropy for	 Btu/lbm-oR
change of entropy calculations. It has a
value defined for Freon 14 at a temperature
I
of TREF, a pressure of PREF, and a specific
volume of VREF,
HREF	 This variable is a reference enthalpy for 	 Btu/lbm
change of enthalpy calculations. It has a
value defined for Freon 14 at a temperature
of TREF, a pressure of PREF, and a specific
"	 volume of VREF.
EMMAX	 The maximum Mach number which will be 	 N/A
considered in the calculations of the isen-
tropic expansion from the given plenum
conditions.
3.2 PROGRAM OUTPUT
This subsection contains a description of the output scheme utilized
#	 by the program and a description of the error messages printed out by the
pr ogram.
 Description3.2.1 	 of Program Data Output	 1
The data output of the nonstandard equation of state program for Freon
bis organized into two horizontal lines for each temperature increment at which
calculations are made. Data output includes plenum conditions and local fluid
and' thermodynamic properties, a
15	 5
i
The following guide consists of numbered flags on a sample printout
sheet (pp. 18 ) which correspond to numbered comments listed below.
' 1 PO Plenum pressure, psia
I 2 TO Plenum temperature, 0 
3 VO Specific volume for plenum conditions,
ft3/lbm
4 CVO Specific heat at constant volume for
plenum conditions
5 CPO Specific heat at constant pressure for
plenum conditions
r 6 GAMMA Ratio of specific heats for plenum
conditions
rt ? ENTROPY Entropy for plenum conditions, Btu/ lbm-oR
t	 " 8 ENTHALPY Enthalpy for plenum conditions, Btu/lbm-oR
9 SPEED OF SOUND Local speed of sound for plenum
conditions, ft/sec
r
10 TEMPERATURE Static temperature, 0 
11 VOLUME Specific volume,_ ft3/lbm
12 PRESSURE Static pressure, psia
13 CSUBV Specific heat at constant volume-
` 14 CSUBP Specific heat at constant pressure
15 GAMMA Ratio of specific heats
16 RHO Density, lbm/ft3
17 ENTHALPY - Enthalpy, Btu/ 1bm
l
f 18 ENTROPY Entropy, Btu/lbm- o. R
19 SOUND SPEED Local speed of sound, _ft/sec
20 VELOCITY Velocity, ft/s ec
6
r	 ^
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21	 MACH NO.	 Mach number
22	 COMP FACTOR	 Compressibility factor
^t
23	 RHO*U	 Mass flow per unit area, lbm/ft2-sec
t 3.2.2	 Description of Program Error Message Output
1. ITSUB WILL NOT CONVERGE
This statement originates in subroutine IT5UB which
provides iteration control for any function.
	
The
statement indicates that the program is unable to
-
_
converge on a solution.
2. NO CONVERGENCE
This statement originates in subroutine STATE or
subroutine SOLVE. 	 In subroutine SOLVE the state-
ment indicates that the program will not converge
-' on a solution for the local temperature. 	 In sub-
routine STATE the statement indicates that the
program will not converge.
i
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y 0001 CCCC26 IOL Cool	 000164	 1001.	 cool	 000167	 IIOL 0001	 000177 120L	 U001	 000041	 30LN
C^ 0001 0T-^_62 35L CC^1	 '!00071	 501.	 0000	 00^007	 SOIF 0000	 .0000.1 S02F	 0001	 000113	 SSL 
0)o01 000122 7 ^L Cool	 ^00136	 75L	 Cool	 000142	 e0L cool	 000153 90L	 LOOD D	 000000 FOFX
v, 0oU0 D ':I 'CC^ 2 FOFXCK ^3^0	 ^11021	 INJ P S	 ^o0C	 I	 CC^006	 NI OOCo D 00000 4 X
1 3101 11 SU'3ROUTINE	 ITSUO	 (FOFY,Y,SAVE,CONV,NTIMES,ITIME)
COI ►11 21 C THIS	 SubNOUTINE	 PROVIDES	 ITERATION	 CONTROL	 FOR	 ANY FUNCTION ITS00200
1:1n1 30 C SAVE(4 -7).STORAGE
	
LOCATIONS	 FOR	 X	 AND	 FOFX ITSCO3n0
1 ?J101 49 C (CUNV)-CONVERGENCE	 CRITERIA ITSO0400
J "a111 51 C INTIMES)-MAX	 NUMBER	 OF	 ITERATIONS ITSO0500
.o'3 60 DGUBLEPRECISIONFOFY,Y, SAVE •CCNV,FUFX,FOFXCK.X
n^i^ 14 7+ 01MENSI014SAVE181 ITS00600
C91 ^S B• FOFACK-5AVE(9 ITS00800
^r.; -y 90 C FUFY
	 AND	 V	 ARE
	
DUMMY
	 INPUT
	
A R GUMENTS ITS00900
^'1^ ♦ 1^• FUFX-FOFY ITSOIDOO
rn I07 11• X-Y ITSOI100
—In? 120 C CHECK	 FOR CONVERGENCE ITS01200
^^110 1^9 IF(AHS	 IFUFX)-CONV.LE.O.DC)GOTD)IC
:10 1,41 C I11ME	 CONTROLS	 THE	 TYPE	 CALCULATION	 TO	 BE	 PERFOP.MED ITSO1500 r"
:'1113 IS• C ITIME n 1•FIRST	 TIME	 THROUGH ITS01600
^0110 16. C ITIME.2,POS	 FIRST	 TIME	 THROUGH ITSO1700
? P ilo 170 C ITIMF•3,NEG	 FIRST	 TIME	 THROUGH ITSOIBOO
'
`lln fee C ITIML-4.SCLUTI014	 IS	 BRACKETED ITSO1900 ►^+
' • /1') 190 C ITIME-5,SOLUTION	 HAS	 CONVE R GED ITSC2000 r^
^x10 2^1 C ITIME06,SOLUTION	 *ILL	 NOT	 CONVERGE ITS02100
^C112 21- GOTO(10,30950,70),ITIME ITS02200
C71it 22• C INITIALIZE I1SO2300 ^y
^^113 13• In 141 . 1 ITS02400
^^!1 4 2-4• I7IMf-2 ITS02500
IIS 210 FUFXCK-FOFX ITS026UO
:116 26• SAVE(R)•FOFXCK 17502700 W
—1t17 27• IFIF0FA.LT•P.DCIGUTOSO 10
^^.t71 2/ • 30 IF IF' I F 0.I T.7.07)GUTn70 O
') 2Y• 1	 r.r/FUF$1	 1Li35 11SO3000 Q^
^t75 )C• S^VE(21--I90C9SAVE(21 `0
?116 3 ► • X•A-1.UO•SAVE(2)
^^12 7 32• (BUTG9C ITS03300
^)1i1• 330 35 SAVE141 4 A ITS03400
:111 340 SAYE15)wFOFx 1150350G
^^132 3S• A-A-SAVE121 IT503600
.137 36• C OF	 ONE	 VARIABLE ITS03700
^"131 370 C (FUPX)-FUNCTION	 *MICH	 IS	 DRIVEN	 TO	 ZERO IT503800
132 )F1. C (Al-VARIABLE	 WHICH	 IS	 ITERATIVELY
	
SOLVED	 FOR ITSC3900
^.112 390 ► ISAVEI -PRO(mRAM	 CONTROL IT504000
C) ^^112 4C• C SAVE(2)-X	 INCRFMENT 17SO4200
pd^^112 41• C SAVE.(3) n COUNTER	 DENOTING	 NTH	 ITERATION ITSO4300
►b X13 47. Gu1190 1rSDr400
,4 43• SC ITIME n 3 17504500
; • S
'1)7
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4S•
IF(FOFA.(sT.C.00)GOTO70
I)IFOFACK9LF.FUFXIGOT055 ITSO4700
A mo,Iis1
46, SAVF121 •- I.D"•SAVE(2)
Chi y -''1,2 47 • X.A.2.00•SAVE(2)
^] 143 4R• G0109r, ITSOS000
144 49. SS SAVE(61&x ITS0S100
145 S• SAVEI7)oFOFX IT5052C0
^6 SI• x.A•SAVE(2) IT505300
t47 51• GOTOV^ 1ISOS400
^_I S O 53• 7U ITIME n 4 ITSOS500
1 1S1 544 IF(FOFx.LT.0.00)GUTO75
r ^I 9.3 SS• 5AVE141aX IT505SOO
IS r Sh• SAV(LIS)afoFx ITSC5900
: x.b S7• GJTOA^ IT506nOC
t C:li6 SA• 75 $AVE(61 a X ITSD6100
00 ^ -31 x. 7 590 SAVE(7)aFOFX IISC6200
l,7 6^• C PICK	 NE*	 GUESS	 FOR	 X	 ACCORDING	 TO	 TYPE	 CALCULATION IT506300
"	 I60 61• 8C X•SAvE141-SAVE(5)•((SAVE(6)-SAVE(411/(SAVE17)-SAVE(5))) IT506400
t6l 62• 9: IFINI.GE.NTIMESIGOTOinr ITS06500
•0 630 NI.NI•I ITSC6600
;54 t.;• GOT0120 ITS06800
:•65 4S• IC: ITIME n 6 1TS06900
r:lF6 660 (,UTol20 ITS07000
r^157 67• 111) 1TIM r n 13 1T507100
7 0 6P• SAVE(4)ox IIS07200
r -11 694 SAVEISIGFOFX IT507300
••-• 1'2 /C• SA^F (61 • X ITS07400
;Ill 71• SA^E(7)eFOFX ITS07SOO
r	 74 72• t20 CONTINUE
00175 730 571 FUkMAT11X,515)
o"176 740 SC2 FUkMAT(IX,4D12.5p/iX46D1195)
00;77 IS• 7.x ITSO7700
Uaino 76• NL TURN ITS07800
004 1)1 770 END ITS07900
END OF COMPILATION;	 NO	 DIAGNOSTICS.
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56• SAVEIS) n FOFX 17505900
0215S 57• GO 108n, IT506gC0
C01 S6 5n• 75 SAVE(6) n X IT506100
rnIS7 590 SAVE(7) n FOFX ITS06200
^1 157 60• C NICK	 NE*	 GUESS	 FOR	 X	 ACCORDING	 TO	 TYPE	 CALC U LA T I ON IT506300
r ,3167 61• 80 X n SAVE(4) -SAVE(Sl•((SAVE(61-SAVE(411/ISAVE(7)-SAVLI511i ITS06400
^{61 620 9n IFINI.GE•NTIMESIGOTO100 1TS06500
0?163 61 n NI n NI#1 IT506600
Q7164 64• GOT0120 IT536/{00
7 93165 e5• ICO ITI M E 0 6 ITS06900
1 1!I0 , 6 66• GUT0120 ITS^7000 t+
0016 7 67• IIC ITIME n S ITS07100
#'1 17C 6H• SAVE141 n X 17507100 
771 7 1 694 SAVE(5) n FOFX ITS07100 n
^ , 172 7C• SAVU(6)OX IT507400 I
rn171 710 SAVEI71 nFOFX 17507500
'roC0174 72• 120 CUNTINUE
no17S 73• T n X ITSLI7700
OU176 74• RETURN ITSO7800
C^.17 7 7S• END ITS07900y^y--
r^
bENU OF	 CO MP ILATION= NO	 DIAGNOSTICS. w
0
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:itrA,S ITENA1,I1ERAT
945,. 11A -72^I ti i7+-1J;31:1n 10.1
vifixoUi1NE ITEkAT	 ENTRY POINT 000101
STO R AGE USED: C00E(11 C00130; UATA(0) 000070: BLANK COFiMON12) 000000
COMMON BLOCKS;
OCO3 1NVUT	 00liO30
b 4^
8 G EXTERNAL	 MEFEMENCES (BLOCK S	NAME)
OOON IT 5U0
Cr 0^u5 N fkN2i
ell 06 NRUUf
.^ OOU7 N!U2S
e"!1f3 tic MR3s
STOkAGE
	
ASt)IGNMENT (BLOCK,	 TYPE,	 RELATIVE
	
LOCATION,	 NAME)
Coo 0)0013 1 C 0001	 OC^071	 15L	 0001	 000055	 20L	 0000 O''j0027	 25F 0003	 D	 000012	 •
7003 U	 C'jOCC 6	AO 0103 D	 ^0^01'1 B	 0003	 U
	
000010 BO	 0103	 D 0000' 6	C 0000 D	 00002 4	CONV
ll -Je U	 C^^-12 2 FOF ^C4C	 I	 03CD02 6	IBR	 OC_+0
	
(107057
	
1NJPS	 0003	 U 00002 4	OCV 0003 0	 000022	 OGAM
9 9000 U	 C^^^_:O	 PA 00O3 D ^^C20 4 PE
	
0473 U ^0^00n PTI	 0003 D COOC20 R 0000 0	 000002	 SAVE
1rr
0003 0	 1311 CO26	 TF 0003 U OCIO02	 TTI
^ p lrl I• SuBROUTINEITERATIPR9T,Et,E2,E3. RHO ,ITIMEI
(4 0101 3 26 COMMON/INPUT/PTI,TTI.PE ,AO,BO,:.P,C.R,OCIAM.00V.TE
^71^ N 3. UUUBLEPRECISIONPR,T.El,E2,E3,RHC,PA,SAVE.FOF,CONV,R,PTI,TT1,''E,
^nj4y v• •	 AU,HO,A,B.C,OGAM.00V.TE
C? 1^5 DIMEI+SIONSAVE101 f
!•%'1'6 6• RHU •P R/ik•TI
r.-1^) ^. ItlR•I VI
r '	 :0 P• SAVE(2)w.i0q 7
111 CUNV•.OLITCC•?COIDC
^.0112 1 •	 10 PA • kH0 • k • T • (1.00 # RHO 01EI+RHO • IE2•RH0 •E3111
^0113 11• FuF•PR-PA
^011 4 120 CALLITSUHIFOF,RHO,SAVE,CONV,100,IBRI
l'111 5 13• GLi011O,10.1^,10,15,201,ltlR
^!1116 Imo•	 20 *MIT116,251PR,R,T,4HO,FOF
n l^ 125 15+	 2S FUKMAT131130HITSUB 	 RILL	 NOT	 CONVfRGE,P.R,T ,RH0 .FOF•,5012.5)
^176 le• 1TIyE01C^i
d77 170	 IS CONTINUE w
1-0 IF• NETURN ^p
^^^	 11 1°• Ellu F-.
CT
^D
EFIU	 ")P	 CO MP ILATION:	 NO	 DIAGNOSTICS.
im
t	
M glow nom
.vOR.S Pt4'.A' PL H(.
• .N 1tA -02/1 1 /7 4 -13:31:30 IC,1
Suii.tOuTl ►If PERGAS	 ENTRY POIvT C33073
STORAGE USfG: CUDE(1) ^_OQiOS: DATA(0) 000034: BLANK COMMONt2) 0000'l0
COMMCN BLOCKS:
0003 INPUT OC^030
H
gb
FATERNAL REFERE N ( ES (BLOCK,	 NAMEI
000 .4 APUD
OCOS DSQKT
(^'•' 0706 NERR3S
rr^
STORAGE	 ASSIGNMENT IBLUCR,	 TYPE,	 RELATIVE	 LOCATION,	 NAME)
>L^
0001 000060 ILL 0001.00015 20L	 0003 D 000012 0003 D 00000 6 	AO 0003	 0 00001 4 	B
0003 U	 C^C:17 BO 0003	 0	 OC!!O16	 C	 COOCI U	 00-006 FACTI 0000	 D	 000010 FACTI 0000 0 00001 4	FACTS
0003 U	 OOC:22 GAMA 0[100 D ^0000 4 	GMIOG	 000^ U	 000000 GMIOZ 0000	 0	 000002	 GM102( 0000 000026	 INJPA
0003 U : nCW4 OCV 0003 D ^CCOC 4 	 P	 CO03	 0 00^OC!N PO 0003 0 000020 R OCC3	 D 000026	 T
00O3 U	 CC_^72 TO COOO D	 IC 0012 AMD
N
n0171 j n SUBROUTINE	 PERGASIP-,PT,IERROR,PMIN)
OOIC) 2• DUUBLE	 PRECISION	 PM,PT,P0,70,P,AO.90 ,A.B,e:.R.GAMA,OCV,T,GM(02.
00103 3• IG-1021,GMI0G.FACTI,FACT2,XM.FACT3
nrJ1 ^.4 r. CUIIMON/INPUT/PO,TO,P,A0,809A,B.C,R,GAMA,OCV,T
07 ► CS S• GMIO2	 n (LAMA-1.)/Z.
071^b 60 GM1021	 a	 (./GMIO2
nn i ^^ -• GM10(.	 n 	 IGAMA-1.1/LAMA ►ryy
^1^117 B• 20 CONTINUE r^
00111 9. FACTI	 n 	 ((P0/P)• n GMIOGI-1.
n
02112 ir• FACT?	 n 	 FACT104MIO21
1n^113 II• XM	 n USr4RTIFACTZI x
A011 4 I29 FACT3	 n 	 (1.•GM102 n XM .. 2) ►^
1vI!S 13• T	 n 	 TO•(1./FACT3)
Doi 16 14• IFIT.GT.70.^OO)GO	 TO	 10 0
r'r,120 IS* P	 n 	 P	 •	 V.0^IDO
y
r
,I?1 160 ILKHOR	 •	 1
.122 170 PnIN	 n 	 P
177 is• Gf.	 TO	 ZU b
12 4 190 10 CU14TINUE w
11S 2!• PM	 n 	 Xy
},s PT	 n 	 T
7 ,2• kLTUNN a,
r'C 1 02 230 ENU %D
E N D Of CUMPILATION:	 NO	 DIAGNOSTICS.
H
8a
x^
Ara
W
r
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H
dw
0
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ud
i
•I P A Y S SINH.SINH
-SO IIA -02/19/7 4 -13:31:31 10.1
FUNCTION SINN	 ENTRY POINT 000030
STONAGE USED: CODEIII CCOV341 DATAI01 0000211 BLANK COMMON(2) 000000
EXTEQNAL REFERE N CES IB!OCK. NAME)
nn 0!	 DFAP
0004	 NENNjf
STONAGE ASSIGNMENT	 (BLOCK, TYPE, RELATI y E LOCATION. NAME)
0^JO D COOOC] EI	 0000 0 000005 E2	 CO00
	
OCCOII INJPS
i	 0.^101	 1•	 FUNCTION 51NHIA)
00102	 20	 DOUBLE P kECIS10N A,5NHARG,EI,E2
0010 % 	)•	 SNMARG - A
^.105	 ^• El •DEAP(A)
C^I^6	 S•	 E2 n DEAPI-AI
!+ • 1^1	 S•	 SINH . C•SOIEI•E21
^^11^	 7•	 RETURN
Oq)II	 R•	 END
END OF CO M PILATION:	 NO	 DIAGNOSTICS.
0000 R 000600 SINM	 0000 0 000001 SNHARQ
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0001 UG0377 30L
aoCo 000210 7OF
0003 D	 00001 4 b
0000 D	 000016 CAPE02
0000 D O0006: CAPG
0000 0	 0300052 CPFAC2
0000 D 0000 4 0 EC
0000 0 000020 El t,,
0000 1	 00013 4 1
0000 1	 000135 J
0004 0	 !,00006 JT CA,h
0003 D	 onO024 OCV ► ^
OuOa 0 000030 RHO
0000 n 000000 AC?GY2 '.d
n
H
0001	 000442 I73G
0001	 000501 65L
0003 0 000001 AO
0000 0 00001 4 CAPEN2
0000 D 000100 CAPF3
COOS 0 OOOOSO CPFACI
0000 D 0003 6 EB
0000 U e00010 E02NUM
0000 0 000026 GFAC
0004 U 000000 11
0000 D 000072 JPROP
0004 U 000004 KI
0003 0 000020 R
00^_0 1) 000032 TI
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STORAGE ASSI(.NMENT	 IbLOCK, TYPE, RELATIVE LOC.tTION, NAME)
0^OI 00^^55 1164 OOCI 000213 1335 0000 00014e 131F
7001 Cm^4CI 4 0L Coco 070142 SOF 0000 o0e176 6OF
'j^01 0?1077 S CL 9001 ^01103 9CL 0003 D 000012 A
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0_nn 1
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0^Je u •00 6 4 JFACI n^G: D ^^0066 JFAC2 OQO,1 U 0010 7 0 JFAC3
0004 U C^0^.2 JI 0000 0	 0001'.: KPROP 0004 0	 OOCOIC KT
O^o3 0	 !1137^22 OGAM 0 003 D	 ^^^00-^ °E C^03 0 OC^OOn PTI
MOOD 0 411 0003 a	 0!':026 TE 0003 0 00^002 TTI
0000 U CO^C. 2 XCPG02 0000 0 100/ 4 2 I
^C0 n0 •DIA6r1UST /C • THE	 NAME	 CAPGNI	 A PP EARS	 IN	 A	 DI M ENSI9l4	 OR	 TYPE	 STATEMENT	 BUT	 IS	 NEVER	 REFEII(NCEU. d
'+0101 1• SUBROUTINE	 ICAL(1+ ► NITE.RNOI.GAMNA,ITIME+ W
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, 1n3 Ate• C0••• CALCULATION	 OF	 jPROP	 FACTOR	 U SING	 CAPG
111 6l• 1000NT	 •	 C
!?I? 6r• 6S CONTINUE
"217 6S• C00• CAPG	 FOR	 AIR	 FROM	 REFERENCE	 EQ.	 714
Y % 213 6e• CAPG+2	 n 	 1-4770.91)0/Tll/(I.C-DEXP16109.7UO/Till
I . 11 % 67• CAP402
	 -	 (-657.29Up/Tl)/(100-DEXP(4092.10Q/T1)1
"!IS •A• CAP(.	 •	 CAPGN?•CAP6U2
^^216 4Y• JFACI	 •	 RMJOIbU-(2.COA0/IROTII)-14.000/T10031
'.l17 7!'• JFAC?	 14NUs62.113.COAOOA/(2.0•ROT11)-S.(108000/(2.0•T10.3)-BOOB)
1:0 71 . JFAC3	 4H0003O12.')•B0OAOC/T1O03)
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O 1 730 (0000 CALCULATION	 OF	 K P ROP FAC T OR-USING	 CAPE	 AND	 CAPF
►Tj 1 7140 C.• CAPE	 FKOM	 KEFEKENCE
	 E..	 7S
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O *23 76• A0602 a CAP602/001C9SD0
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1 910 SC F0hHAT(IH;.37HIFt	 SUBROUTINE	 I C A L
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	 KH0-.D2n.12.6H	 CAP6-902T.i2 9 7H JPROP-.D20.12.6M	 CAPE
.53 ''6O 1-.U2C.1296H
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Appendix B
LISTING OF THE NONSTANDARD EQUATION
OF STATE PROGRAM FOR FREON 14 (CF 4)
(bL0CM,'TtFE, RELATIVE LOCATION, NAME)
OCCO UC50C: 1C I F 0001 000515 115L 00001 0JU613 1306 00[11 000534 131L
CGOU C:5111 14CF uCit0 G"5115 145E Oui,C GJ^11U 14bF u0i:1 000617 151L
CCCI C:C666 169L OOJI 0v0174 19L 0001 000473 19UL 0001 000675 191L
CLCC CC51:1 20IF 00;,3 025,/2 2:2F" Ji+C► 0 0o!,043 2L13F. UOJO OU5110 204F
LCLO C C 5 1 t E 206E ,OC.I 0^;o773 21 Cut. G^,uO 015122 21 S F 0001 000272 2626
CCCO CL477 S. 3:t,F CO;ji CJyIOS 3CIr OL—A 0JIU13 30L UOuI 000710 4OUL
CCCI L::S77 417G G001 UCC61i6 454 V ULCI OOL4S7 SL 0001 C33963 IL 1--4
LCC2 R	 CCLC2 5 A 0042 R 03 01 6 AK GLJ2 R CJGU1 7 ALPHA - UOU2 k 000020 AL4
(CC2 k	 CCCC:G A2 u^JI R OCC,51 1 A3 0002 R G30OU 2 A4 0002 R OOJOU3 A5
CCC 2 It	 CCC. 1 S 6L I T CO.i2 k i,:602 1 40 UJ:i2 R n j:iti05 112 UOi► 2 k OJOOJ6 0 (^
CCC-2 P	 LCCSIC LS 1.0.:2 R G^.?CI I 86 OYI.0 k OU4744 CF 0002 k 000022 CO t
t1.'( F	 LC 47 2: CONVR GJ k ,04760 CM OVi:O k 1),) 47 35 CPO U0G0 k	 UJ47b7 CV
tCL7 h	 0__':'12 C2 C7LI A OUCC1 3 C3 OLL2 k GO:U1 4 CS UCCO R 004726 OELTT
CC CS M	 LLC:.: CS R (fJ;,J At v ► GS 10 F_ ► ; L;..	 -Z; R UC 4 72 3 EMr,AA OOG7 k JUCCOO LTNAL ••
Et CE. F	 LC 47+,1 GA' GJt;;i k 004736 GA M 4 VJb7 R uv1760 6A M 2 OOLO k 004764 uAN
CCCI F	 1: 4 751 GR 00.:v R 0:. 4762 M J..LO k 0•) 47 7 2 ItC OCOO R	 034714 MEAUE R 1-
LCC2 k	 CCCC3 2 HRFF J.OJ 1 43:4731 1 0:.00 1 UJ 41 7 4 Ib lt u0u7 1	 OU 4 761 1OF
CL(-C 1	 0: 47 2 1 ITA0 c 34 1 :3 " 47`2 (!1 N17 u 1 0J 47 o 6 J UOt,O 1	 004763 L
C:CC A C %756 F vC.i: k L'v7?5 Pia ,L _J R JJlI3L• (' UT UOU2 k 640027 PREF L
CL( C Z 1.471,. p 2 (,O.,U k GiArjZU3 SAIL
.D
:"L h	 C.`'7 •.i SL QC .^• y ..^i S 7 •... _.	 .b t ...L:.^^^ 1',61.'0 - 1.2 k	 4VJJ31 '1 If Q
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